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The biological role of small membrane proteins of the
new FXYD family is largely unknown. The best
characterized FXYD protein is the g-subunit of the
Na,K-ATPase (NKA) that modulates the Na,K-pump
function in the kidney. Here, we report that, similarly
to ga and gb splice variants, the FXYD protein CHIF
(corticosteroid-induced factor) is a type I membrane
protein which is associated with NKA in renal tissue,
and modulates the Na,K-pump transport when
expressed in Xenopus oocytes. In contrast to ga and gb,
which both decrease the apparent Na+ af®nity of the
Na,K-pump, CHIF signi®cantly increases the Na+

af®nity and decreases the apparent K+ af®nity due to
an increased Na+ competition at external binding sites.
The extracytoplasmic FXYD motif is required for
stable g-subunit and CHIF interaction with NKA,
while cytoplasmic, positively charged residues are
necessary for the g-subunit's association ef®ciency and
for CHIF's functional effects. These data document
that CHIF is a new tissue-speci®c regulator of NKA
which probably plays a crucial role in aldosterone-
responsive tissues responsible for the maintenance of
body Na+ and K+ homeostasis.
Keywords: CHIF/FXYD/Na,K-ATPase g-subunit/
Xenopus oocyte

Introduction

Recently, a new family of small membrane proteins, the
FXYD protein family, has been de®ned (Sweadner and
Rael, 2000), which includes the so-called g-subunit of the
Na,K-ATPase (NKA), phospholemman (Moorman et al.,
1995), corticosteroid hormone-induced factor (CHIF;
Attali et al., 1995), mammary tumor marker 8 (MAT-8;
Morrison et al., 1995), RIC (related to ion channel; Fu and
Kamps, 1997) and two as yet unknown proteins FXYD 6
and 7. The proteins of the FXYD family have a signature
sequence which encompasses the single transmembrane
domain and adjacent regions and includes the FXYD
motif. The N-terminus was shown to be exposed to the

extracytoplasmic side in the g-subunit (BeÂguin et al., 1997;
Therien et al., 1997) and in phospholemman (Palmer et al.,
1991). Despite a similar membrane topology, the FXYD
proteins are structurally clearly distinct from other small
single-span membrane proteins such as Isk which regu-
lates K+ channels (Suessbrich and Busch, 1999) or
phospholamban which regulates the sarcoplasmic Ca2+-
ATPase (Simmerman and Jones, 1998). Members of the
FXYD family are widely distributed in mammalian
tissues, possibly with a prominent expression in tissues
that perform ¯uid and electrolyte transport or are electric-
ally excitable (Sweadner and Rael, 2000). Although
evidence exists that FXYD proteins may be regulators of
ion transporters or may form ion channels under certain
conditions (Attali et al., 1995; Moorman et al., 1995; Jones
et al., 1997; Minor et al., 1998), their authentic biological
function is still unknown. The only exception is the
g-subunit, which was shown to be associated with the renal
NKA (Forbush et al., 1978; Mercer et al., 1993; BeÂguin
et al., 1997) and to modulate its functional properties
(BeÂguin et al., 1997; Therien et al., 1997, 1999;
Arystarkhova et al., 1999; Pu et al., 2001).

NKA belongs to the P-type ATPase family and is a
ubiquitous plasma membrane enzyme that uses the energy
of ATP hydrolysis to maintain the transmembrane Na+ and
K+ gradients of animal cells. The Na+ gradients provide the
energy for many secondary transport systems necessary to
maintain basal cellular homeostasis as well as to support
specialized cellular functions. For instance, in renal
epithelial cells, NKA is con®ned to the basolateral
membrane and thus becomes the driving force for net
Na+ reabsorption which is essential for body Na+ homeo-
stasis and thus blood pressure. The minimal functional
enzyme unit comprises a catalytic a-subunit containing
the cation, the ATP and the phosphate-binding sites, and a
glycosylated b-subunit, which is necessary for the struc-
tural and functional maturation of the a-subunit (for a
review see Geering, 2000). Vertebrates have four a and
three b isoforms which produce isozymes with different
transport properties (Crambert et al., 2000).

In view of the crucial importance of NKA in many
physiological and pathophysiological processes, the
identi®cation of tissue-speci®c regulatory mechanisms
becomes an important issue. NKA is subjected to short-
and long-term regulation by a variety of hormones and
neurotransmitters (FeÂraille and Doucet, 2001). Short-term
regulation of NKA may involve protein kinase-mediated
phosphorylation and results in the modulation of the cell
surface expression and/or the transport kinetics of
the enzyme. On the other hand, long-term regulation,
mediated by mineralocorticoid and thyroid hormones,
involves changes in protein synthesis. Finally, NKA may
be regulated through the interaction with other membrane

CHIF, a member of the FXYD protein family, is a
regulator of Na,K-ATPase distinct from the g-subunit
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or cytoplasmic proteins, as illustrated by the modulatory
effect of the g-subunit on renal NKA.

The existence of a small protein associated with renal
NKA was ®rst postulated by Forbush et al. (1978) and later
con®rmed by the molecular cloning of the mammalian
g-subunit (Mercer et al., 1993). In the kidney, the two
recently identi®ed splice variants, ga and gb (KuÈster et al.,
2000; Sweadner and Rael, 2000), are expressed predom-
inantly in the basolateral membrane of medullary thick
ascending limb (mTAL). ga is also present in the macula
densa and principal cells of the cortical collecting duct
(CCD) and gb in the cortical TAL (Pu et al., 2001). ga and
gb may be subjected to cell-speci®c co- or post-transla-
tional modi®cations (Arystarkhova et al., 1999; KuÈster
et al., 2000).

We ®rst described that g-subunits indeed modulate the
transport activity of NKA by changing the voltage
sensitivity of K+ activation when expressed in Xenopus
oocytes (BeÂguin et al., 1997). Other modulatory effects of
g-subunits on NKA activity have since been reported,
including an increase in the af®nity for ATP (Therien et al.,
1997, 1999), an increase in the K+ antagonism of
cytoplasmic Na+ activation by the association of both ga
and gb (Pu et al., 2001) and a decrease in the apparent
af®nities for both Na+ and K+ (Arystarkhova et al., 1999).
Signi®cantly, a recent study has reported that a hetero-
zygous mutation in the ga-subunit gene is linked to cases of
human primary hypomagnesemia (Meij et al., 2000). The
mutation of a conserved glycine residue in the trans-
membrane domain apparently leads to defective routing of
the g-subunit and Na,K-pumps to the plasma membrane.

CHIF (Attali et al., 1995) is another member of the
FXYD family, which is expressed exclusively in epithelial
cells and which displays a >50% sequence similarity with
g-subunits. CHIF is abundant in the basolateral membranes
of surface cells in the distal colon and of principal cells in
the medullary portions of renal collecting ducts (CDs) (Shi
et al., 2001). Dexamethasone, aldosterone and low Na+

intake were shown to increase the abundance of CHIF
mRNA in the colon (Attali et al., 1995; Capurro et al.,
1996; Wald et al., 1997; Brennan and Fuller, 1999)
whereas low Na+ intake increased the CHIF protein level
in the kidney and the colon (Shi et al., 2001). Although
expression of CHIF in Xenopus oocytes can induce a K+-
speci®c conductance, possibly through regulation of
endogenous oocyte K+ channels (Attali et al., 1995), the
real physiological function of CHIF is unknown.

In view of the presence of both CHIF and g-subunits in
the basolateral membrane of epithelial cells, the similar
hormonal regulation of CHIF and NKA, and the recent
observation that CHIF co-immunoprecipitates with NKA
in colon membranes (Garty et al., 2001), we tested in this
study whether CHIF may be a `g-like', cell type-speci®c
regulator of NKA. Our results show that CHIF is a type I
membrane protein, which associates with NKA, but not
with colonic H,K-ATPase (HKA), another P-type ATPase.
The FXYD motif is important for stable interaction of
CHIF and g-subunits with NKA. When expressed in
Xenopus oocytes, CHIF modulates NKA transport prop-
erties but in a different way from ga- or gb-subunits.
Altogether, our study identi®es CHIF as a new modulator
of NKA which increases the enzyme's Na+ af®nity in
tissues implicated in Na+ conservation.

Results

Association of CHIF and different g-variants with
NKA in Xenopus oocytes and in renal tissue
The speci®c association of CHIF and g-subunits with NKA
was ®rst investigated in Xenopus oocytes expressing
Xenopus NKA or colonic HKA a- and b-subunits together
with N-terminally epitope-¯agged, rat CHIF (CHIF N-
¯ag) or Xenopus g-subunits (gX N-¯ag). Oocytes were
metabolically labeled, subjected to various chase periods
and membrane fractions were immunoprecipitated under
non-denaturing conditions. The g-subunit, which is
degraded when expressed alone (Figure 1B, lanes 1±3),
becomes stabilized after co-expression with NKA
(lanes 4±6) but not after co-expression with colonic
HKA (lanes 7±9), and can be co-immunoprecipitated with
NKA a (Figure 1A, lanes 4±6) but not with colonic HKA a
(lanes 7±9) subunit antibodies after prolonged chase

Fig. 1. Speci®c association of CHIF and the g-subunit with NKA.
Oocytes were injected with N-terminally, epitope-¯agged Xenopus
g-subunit (gX N-¯ag) (A and B) or rat CHIF (CHIF N-¯ag)
(C±E) cRNAs (0.35 ng) alone or together with Xenopus NKA a1

(7 ng) and b1 (0.5 ng) or colonic HKA a (9 ng) and Bufo bladder b
(1.5 ng) cRNAs. Oocytes were labeled for 24 h with [35S]methionine
and, after the indicated chase periods, microsomes were prepared and
immunoprecipitated under non-denaturing conditions with an NKA (A)
or a HKA (C) a antibody or with a Flag antibody (B and D). Samples
from microsomes shown in (E) were loaded directly on gels without
immunoprecipitation. The positions of Xenopus a (a XNKA),
colonic a (a HKAc), core (cg) and fully glycosylated (fg) Xenopus b
(b XNKA) and Bufo bladder b (b HKA B.bl) subunits are indicated.
Shown are ¯uorograms of 5±13.7% SDS±polyacrylamide gradient gels.
A representative example of three similar experiments is shown.
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periods. These results con®rm the speci®c interaction of
the g-subunit with NKA (BeÂguin et al., 1997). Similarly to
the g-subunit, CHIF was co-immunoprecipitated with
NKA a (Figure 1C, lanes 4±6) but not with HKA a
(Figure 1A and C, lanes 7±9) subunits, indicating that
CHIF associates speci®cally and stably with NKA but not
with another closely related, P-type ATPase which, like
CHIF, is expressed in colon and kidney (Jaisser and
Beggah, 1999). Based on results of radioimmunolabeling
assays to intact oocytes, we have shown previously that the
g-subunit is associated in equimolar amounts with cell
surface-expressed Na,K-pumps (BeÂguin et al., 1997).
Considering that CHIF has two and the Xenopus g-subunit
has four methionines, the intensity of the CHIF signal co-
immunoprecipitated with NKA suggests that this is also
the case for CHIF.

Similarly to CHIF N-¯ag and gX N-¯ag, wild-type
CHIF and the two rat ga and gb variants, which differ only
in a short stretch of N-terminal amino acids (KuÈster et al.,
2000; Sweadner and Real, 2000), could stably interact
with NKA after expression in oocytes (Figure 2A,
lanes 2±4). To verify the physiological relevance of the
interaction of CHIF with NKA, we tested whether not only
g-subunit-NKA but also CHIF±NKA complexes exist in
renal tissue. Western blot analysis of kidney membranes
indeed revealed the presence of CHIF, ga and gb variants
(Figure 2C, lanes 2 and 4), which could all be co-
immunoprecipitated with an NKA a antibody (lanes 1 and
3). Interestingly, CHIF may undergo co- or post-transla-
tional processing since, on Tricine gels, it was resolved as
a doublet (lane 2) and the putatively modi®ed CHIF
species was co-immunoprecipited with an NKA a anti-
body (lane 1).

Biosynthesis and processing of CHIF and
g-subunits
In contrast to gX N-¯ag (Figure 1A, lanes 1±3), CHIF N-
¯ag was not sensitive to degradation when expressed alone
in oocytes and could be detected for up to a 120 h chase
period (Figure 1E, lanes 1±3). On the other hand, no CHIF
N-¯ag was revealed in immunoprecipitations with Flag
antibodies after prolonged chase periods (Figure 1D),
suggesting that the N-terminus of CHIF is removed. Since
no shift in gel migration of CHIF was detectable on
SDS±polyacrylamide gels (Figure 1E), we compared the
migration of CHIF expressed in vitro, in oocytes or in renal
tissue on high resolution SDS±Tricine gels. In the absence
of microsomes, in vitro synthesized N-¯ag CHIF, wild-
type and truncated CHIF showed the expected, progressive
reduction in their molecular mass (Figure 3A, lanes 1, 3
and 5). The molecular mass of wild-type CHIF, synthe-
sized in oocytes (lanes 7, 8 and 12) or detected in renal
tissue (lane 13), was ~1.4 kDa lower than that of wild-type
CHIF synthesized in vitro in the absence of membranes
(lanes 3 and 11). The reduction in size of CHIF probably
re¯ects the elimination of the ~20 hydrophobic amino
acids present at the N-terminus of CHIF (Attali et al.,
1995). Indeed, the molecular mass of CHIF synthesized

Fig. 2. CHIF and two g splice variants associate with NKA in oocytes
and in renal tissue. Oocytes were injected with CHIF, ga or gb cRNAs
(0.5 ng) together with rat NKA a (9 ng) and b (1.3 ng) cRNAs, labeled
for 48 h with [3H]leucine and subjected to a 24 h chase. Microsomes
were prepared and subjected to immunoprecipitations under non-
denaturing condition with an a antibody before gel migration (A) or
directly loaded on gels (B). (C) Western blot analysis of kidney
microsomes, which were either loaded directly on gels (lanes 2 and 4)
or subjected to non-denaturing immunoprecipitations with an NKA a
antibody before gel migration (lanes 1 and 3). After protein transfer to
nitrocellulose membranes, the same membrane was probed ®rst with a
CHIF antibody (lanes 1 and 2) and then with a rat g-subunit antibody
(lanes 3 and 4). In (A), the migration of protein makers of known
molecular mass is indicated.

Fig. 3. Biosynthesis and processing of CHIF and ga- and gb-subunits
in a reticulocyte lysate, in Xenopus oocytes and in renal tissue.
(A) Processing of CHIF N-¯ag, wild-type CHIF and truncated CHIF
in which the ®rst 20 N-terminal amino acids were deleted (D20).
[35S]methionine-labeled CHIF synthesized in a reticulocyte lysate in
the absence (lanes 1, 3 and 5) or presence (lanes 2, 4 and 6) of canine
pancreatic microsomes, or in oocytes subjected to a 24 h pulse and a
48 h chase period (lanes 7±10) were immunoprecipitated with a CHIF
antibody. Lanes 11±13 show western blot analysis of CHIF synthesized
in vitro, expressed in oocytes or detected in renal tissue by using a
CHIF antibody. (B) Processing of Xenopus g-subunits and rat ga and
gb splice variants. [3H]leucine-labeled g-subunits synthesized in a
reticulocyte lysate in the absence (lanes 2, 5 and 8) or presence
(lanes 3, 6 and 9) of pancreatic microsomes, or in oocytes after a 48 h
pulse and a 24 h chase period (lanes 1, 4 and 7) were immunopre-
cipitated with Xenopus or rat g antibodies. Presented are ¯uorograms of
16.5% SDS±Tricine gels. Modi®ed CHIF N-¯ag, CHIF and g-subunits
are indicated by an asterisk. The position of migration of a 6.9 kDa
protein marker is indicated. In (A) and (B), a representative example
of three similar experiments is shown.
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in vivo corresponded to that of a truncated mutant lacking
the ®rst 20 amino acids (lanes 5, 9 and 10). Together with
the observation that CHIF N-¯ag synthesized in vitro in
the presence of microsomes was recognized by Flag
antibodies (lane 2), these results indicate that CHIF has a
cleavable signal peptide, which is removed in oocytes and
in native tissue but not in the in vitro translation system.
In addition to co- or post-translational cleavage, CHIF
appears to be subjected to other modi®cations since it
migrated as a double or fuzzy band when it was
synthesized in a reticulocyte lysate supplemented with
microsomes (lanes 2, 4 and 6), after expression in oocytes
(lanes 7, 8 and 12) and in its native form present in renal
tissue (lane 13).

In contrast to CHIF, ga- and gb-subunit variants have no
cleavable signal peptide, as suggested by the similar
molecular mass of the peptides synthesized in oocytes
(Figure 3B, lanes 1, 4 and 7) and in vitro in the absence of
microsomes (lanes 2, 5 and 8). In addition, unlike CHIF,
only g variants synthesized in vitro in the presence of
microsomes (lanes 3, 6 and 9), but not those synthesized in
oocytes (lanes 1, 4 and 7), migrated as a doublet,
suggestive of a post-translational modi®cation. As deter-
mined by mutational analysis, neither the common FXYD
motif nor C-terminal positively charged amino acids were
required for the putative modi®cations of CHIF or
g-subunits (data not shown). Altogether, these data indi-
cate that CHIF and g-subunits are subjected to distinct co-
or post-translational modi®cations, and CHIF but not
g-subunits are subjected to signal peptide cleavage.

Structural requirements for the stable interaction
of g-subunits and CHIF with NKA
To identify the structural requirements which are neces-
sary for speci®c, long-term interaction of g-subunits and
CHIF with NKA, we generated a series of gX N-¯ag
(Figure 4) or CHIF (Figure 6A) mutants, expressed them in
oocytes together with NKA and tested their association
ef®ciency by anti-Flag radioimmunolabeling of intact
oocytes and/or by non-denaturating immunoprecipitations.

Wild-type gX N-¯ag and all mutants were expressed at
similar levels in oocytes (Figure 5B). As previously
described (BeÂguin et al., 1997), only NKA-associated
g-subunits (Figure 5A and C, lane 2) but not g-subunits
alone (Figure 5A and C, lane 1) were expressed at the cell
surface and could be detected by radioimmunolabeling of
intact oocytes. In the extracytoplasmic g N-terminus,
mutations of negatively and positively charged residues
had only a slight or no effect on the co-immunoprecipita-
tion of the g-subunit with NKA (Figure 5A, lanes 3±6) and
on anti-Flag g binding to intact oocytes (Figure 5C,
lanes 3±6). On the other hand, mutation of the FXYD
protein family motif completely abolished association of
the g-subunit with NKA (Figure 5A and C, lane 7).
Introduction of single or multiple mutations into the
cytoplasmic g C-terminus revealed a role for positively
charged amino acids (Figure 5A and C, lanes 12±24), but
not for cysteine, glycine or negatively charged residues
(Figure 5A and B, lanes 8±10) in the ef®cient association
with NKA. Single mutations of K51, K52 or R55
(Figure 5A and C, lanes 13±15) or double mutations of
K51 or K52 and R55 (Figure 5A and C, lanes 16 and 17)
had no effect on the g-subunit's association with NKA. On

the other hand, double mutations of R50 and K51 or K52
(Figure 5C, lanes 18 and 19) or of K51 and K52 (lane 20)
reduced anti-Flag g binding by 30±40% compared with
oocytes expressing the wild-type g-subunit (lane 12). The
association ef®ciency of the g-subunit was reduced further
in oocytes expressing g mutants with triple mutations in
R50, K51, K52 and/or R55 (Figure 5A and C, lanes 21±23)
and was completely abolished in oocytes expressing the
g mutant R47A/R50A/K51A/K52A/K55A (5A mutant)
(Figure 5A and C, lane 24). Correct Ccyt±Nout orientation
of the 5A mutant was veri®ed by a proteinase K assay
(Geering et al., 1996) on homogenates of oocytes
expressing C-terminally myc-tagged wild-type and mutant
g-subunits. Proteinase K-treated C-myc wild-type as well
as mutant g-subunits were recognized by a g antibody
directed against the N-terminus, but no longer by a C-myc
antibody, indicating that both wild-type and mutant
g-subunits have a similar membrane orientation permitting
cleavage of the cytoplasmically oriented C-terminus (data
not shown). Altogether, these data indicate that not only
the FXYD motif in the N-terminus of the g-subunit but also
the positively charged residues in the C-terminus play a
role in the stable association with NKA.

CHIF mutants analogous to the g mutants (Figure 6A)
were prepared and tested for their ability to interact stably
with NKA by co-immunoprecipitation experiments. In
contrast to analogous g mutants, the CHIF 5A mutant
(lane 3) and the FXYD mutant (lane 5) were associated
with NKA after a 24 h chase period. Interaction was
maintained over a 72 h chase period with the C-terminal
5A mutant (lane 4) but not with the N-terminal FXYD
mutant (lane 6). Thus, CHIF and g-subunits may not have
the same structural requirements for NKA interaction, but
the FXYD motif appears to be important in both CHIF and
the g-subunit for long-term, stable NKA interactions.

Modulation of NKA function by CHIF and g splice
variants
The potential functional role of CHIF was assessed and
compared with that of the two rat g splice variants by
electrophysiological measurements of NKA transport
functions in Xenopus oocytes. We ®rst tested whether
the apparent Na+ af®nity (K1/2Na+) of NKA is modi®ed in
the presence of CHIF, ga- or gb-subunits (Figure 7A).
Whereas the maximal Na,K-pump current did not change
(see Table I), CHIF signi®cantly increased, and both
g splice variants reduced, the Na,K-pump's apparent Na+-
af®nity compared with that of NKA expressed alone.
Signi®cantly, at physiologically low intracellular Na+

concentrations (e.g. 5 mM), the Na,K-pump transport
activity was ~4 times higher for NKA associated with
CHIF than for NKA lacking CHIF or for NKA associated
with g splice variants (Figure 7A).

We next compared the in¯uence of CHIF and g-subunits
on the activation or inhibition of the Na,K-pump activity
by extracellular K+ or Na+. In the absence of extracellular
Na+, a situation in which the K+ activation kinetics most
directly re¯ect the intrinsic af®nity of the extracellular
binding site for K+, CHIF had no detectable effect on the
activation of the Na,K-pump current by extracellular K+

(K1/2K+), while ga- and gb-subunits induced a 1.5- to 2-fold
increase in the high negative membrane potential range
(Figure 7C). The results obtained in this study with ga and
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gb differ from our previous ®ndings, which showed that rat
g-subunits increased the K1/2K+ over the whole potential
range in the absence of Na+ (BeÂguin et al., 1997). The
discrepancy may be explained by the previous use of a rat
g-subunit containing a wrong N-terminal sequence initially
published by Mercer et al. (1993) and later corrected by
the same group (Minor et al., 1998).

The effects of CHIF and g-subunits on the K+ activation
of Na,K-pumps were very different in the presence of

extracellular Na+ (Figure 7B), a condition in which the
kinetics of activation by K+ depend not only on the
intrinsic af®nity for K+ but also on the competition
between extracellular Na+ and K+ ions for binding to the
E2 conformation of the enzyme. In the presence of
extracellular Na+, the presence of CHIF induced a large
increase in K1/2K+ in the negative potential range. The
presence of ga- or gb-subunits resulted in changes that
were similar between these two variants but opposite to

Fig. 4. Mutations introduced into gX N-¯ag. Shown are the amino acid sequences of wild-type gX with the ¯ag epitope at the N-terminus (1) and of
g mutants with alanine substitutions in the N- and C- termini (2±21). A summary of the results shown in Figure 5 on the ef®ciency of the association
of the g mutants with NKA is given.

Fig. 5. Effects of g mutations on the ef®ciency of association with NKA. Oocytes were injected with wild-type or mutant gX N-¯ag cRNA (0.5 ng)
together with Xenopus NKA a (7 ng) and b (0.5 ng) cRNAs. After injection, oocytes were metabolically labeled for 24 h and subjected to a 48 h
chase period. Microsomes were prepared and immunoprecipitations were performed under non-denaturing conditions with an NKA a antibody (A)
or with a Flag antibody (B). Mutations of negatively charged residues in the g N-terminus produced abnormal gel migration (lanes 3 and 4).
(C) Normalized anti-Flag binding to gX N-¯ag in intact oocytes. Anti-Flag binding was performed 3 days after cRNA injection and normalized for
differences in cell surface expression of Na,K-pumps in different oocytes, as assessed by maximal pump current measurement. Shown are the
means 6 SE of results obtained from 20±30 oocytes. For a description of the mutants, see Figure 4.
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those observed with CHIF. With ga or gb, the K1/2K+

values were larger in the +30 to ±30 membrane potential
range and smaller in the high negative range.

Altogether, these results suggest that the main effect of
CHIF and g-subunits is to in¯uence the transport properties
of NKA by affecting steps involved in Na+ transport. This
seems to be the only effect of CHIF, while ga and gb have a
small additional effect on K+ transport. The in¯uence of
CHIF and g-subunits on the Na+ translocating steps was
substantiated further by the observation that CHIF-asso-
ciated NKA exhibited a higher sensitivity to the voltage-
dependent inhibition by extracellular Na+, leading to an
important inhibition of the Na,K-pump current in the
presence of Na+ at high negative membrane potentials
(Figure 7D). On the other hand, NKA associated with the
ga-subunit was insensitive to the presence of external Na+,
whereas NKA associated with gb had a similar sensitivity
to that of NKA expressed alone (Figure 7D). A summary
of the functional effects of CHIF and the two g variants on
the transport properties of NKA at physiological resting
potentials (±50 mV) is shown in Table I.

Since the g-subunit was shown to bind photoaf®nity-
labeled ouabain derivatives (Forbush et al., 1978), we
®nally investigated the intrinsic ouabain af®nity of human
a1±b1 complexes associated with rat CHIF or with the two
human g splice variants. No difference in Kd values for
ouabain was observed for either of the complexes (see
Table I).

Structural requirements in CHIF for the
modulatory effect on NKA
To gain insight into the structural requirements for the
functional effects of CHIF on NKA, we studied the

transport properties and the cell surface expression of
NKA expressed in oocytes with the 5A mutant. Oocytes
expressing NKA alone or together with wild-type or
mutant CHIF showed comparable levels of NKA at the cell
surface as assessed by anti-Flag radioimmunolabeling of
the NKA b-subunit (Figure 8B, lanes 1±3). On the other
hand, whereas NKA associated with CHIF had similar
maximal Na,K-pump currents and exhibited the expected
decrease in its K+ af®nity, NKA associated with the 5A
mutant showed a drastic reduction in the Na,K-pump
current (Figure 8A, lane 3) and an increase in the K+

af®nity (Figure 8C, compare lanes 2 and 3). Furthermore,
ouabain binding to oocytes expressing NKA with the 5A
mutant was signi®cantly reduced compared with oocytes
expressing wild-type CHIF (NKA±wild-type CHIF,
61 6 6 fmol/oocyte; NKA±5A mutant, 12 6 1 fmol/
oocyte; n = 20, P <0.01). These results indicate that
the positively charged amino acids in the cytoplasmic
C-terminus of CHIF are important determinants for the
functional effect of CHIF on NKA and that their elimin-
ation produces dominant CHIF mutants which inhibit
NKA function.

Discussion

CHIF is a small transmembrane protein with a so far
unknown function which, together with the g-subunit of
NKA, belongs to the FXYD protein family (Sweadner and
Rael, 2000). In the present study, we characterized the
co- and post-translational processing of CHIF, and dem-
onstrated its speci®c association with NKA and the effects
of this association on several functional characteristics of
this ion pump. Taken together with data showing tissue-

Fig. 6. Effect of CHIF mutations on the ef®ciency of association with NKA. (A) Amino acid sequence of rat wild-type CHIF and of CHIF mutants
with alanine substitutions of N- or C- terminal amino acids. (B) Oocytes were injected with wild-type or mutant CHIF cRNAs (0.5 ng) together with
Xenopus NKA a (7 ng) and b (0.5 ng) cRNAs. After injection, oocytes were metabolically labeled for 24 h and subjected to chase periods of 24 and
72 h. Microsomes were prepared and subjected to non-denaturing immunoprecipitations with an NKA a antibody (B) or subjected directly to
SDS±PAGE (C). A representative example of three similar experiments is shown.
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speci®c and regulated expression of CHIF, our data
identify CHIF as a bona ®de NKA regulatory subunit,
analogous to but clearly different from the g-subunit.

CHIF undergoes signal peptide cleavage and is
subjected to post-translational modi®cations
Certain FXYD proteins, such as phospholemman, RIC and
CHIF, but not g-subunits or FXYD 7, have a hydrophobic
domain at the N-terminus suggesting the presence of a
putative signal peptide. For phosholemman, it was shown
that the signal peptide is cleaved resulting in an Nout±Ccyt

orientation of the peptide in the membrane (Palmer et al.,
1991) similar to that demonstrated for the g-subunit
lacking a signal peptide (BeÂguin et al., 1997; this study).
Recently, it was reported that the putative signal peptide of
CHIF, synthesized in a reticulocyte lysate supplemented
with microsomes, was not removed, resulting in a
hypothetical membrane topology of CHIF with two
membrane segments and the N- and C-termini exposed
to the cytoplasmic side (Shi et al., 2001). In this study, we
demonstrate that the signal peptide of CHIF is indeed not
removed during in vitro synthesis, but is cleaved in
oocytes and in native renal tissue permitting a type I
membrane topology of CHIF characteristic of other
members of the FXYD protein family. Interestingly,
cleavage of the signal peptide of CHIF, expressed in
oocytes, is a slow process, which may explain the lack of
signal peptide cleavage in the in vitro translation system
where the time and location for processing are limited. It is
not known whether signal peptide cleavage of CHIF
occurs during synthesis by a conventional signal peptid-
ase, or rather post-translationally in the endoplasmic
reticulum or another cellular compartment by a so far
unknown cleavage enzyme.

Similarly to the g-subunit, native CHIF detected in
renal tissue migrates as a doublet on SDS±Tricine gels,
indicative of co- or post-translational modi®cations. In
g-subunits, tissue-speci®c modi®cations may be important
in the modulatory effect of the g-subunit on NKA
(Arystarkhova et al., 1999). The nature and the functional
effect of CHIF modi®cations remain to be determined, but
it is likely that they are different from those in g-subunits
since CHIF but not g-subunits undergoes modi®cations in
Xenopus oocytes.

CHIF is a tissue-speci®c subunit of NKA similar to
the g-subunit
In the present study, we show that CHIF interacts
speci®cally with NKA after co-expression in Xenopus
oocytes and is associated with NKA in renal tissue,
similarly to the g-subunit. The notion that CHIF is a real
subunit of NKA is supported further by its co-localization
with NKA in the basolateral membrane of renal CD
principal cells and of distal colon surface cells (Shi et al.,
2001) and by its ability to co-immunoprecipitate with
NKA in colon membranes (Garty et al., 2001) but not with
colonic HKA (this study).

The structural requirements for stable NKA interaction
may not be identical in CHIF and the g-subunit but, in
both, the family-speci®c FXYD motif located in the
extracytoplasmic N-terminus appears to play a role in
the stable association with NKA. This result, together with
the observation that a phospholemman-like protein also
co-puri®es with shark rectal gland NKA (Mahmmoud
et al., 2000), raises the possibility that other members of
the FXYD protein family could interact with NKA.

The structural determinants which permit the speci®c
interaction of CHIF and g-subunits with NKA but not with
other P-type ATPases are not known. Possible interaction
sites may be located in the C-terminal domain of the NKA
a-subunit encompassing M8±M10, which is the least
conserved domain in different P-type ATPases and which
was shown to be released selectively from the membrane,

Fig. 7. CHIF modulates NKA in a manner different from the two
g splice variants. Oocytes were injected with rat CHIF, ga or gb (1.5 ng)
cRNAs together with rat NKA a1 (9 ng) and b1 (1.3 ng) cRNAs and
incubated for 3 days. For the recording of the apparent Na+ af®nity,
cRNAs of the rat epithelial Na+ channel subunits (a, b, g, 0.3 ng each)
were also injected. (A) On the left, representative examples of Na+

activation curves of Na,K-pump currents, determined in oocytes
expressing NKA alone (open squares) or together with CHIF (closed
squares), ga (closed circles) or gb (closed triangles), are shown. The
curves were ®tted with a ¯oating Hill coef®cient. On the right, apparent
Na+ af®nities (K1/2Na+) of NKA alone (control), or expressed with
CHIF, ga or gb are shown using a ®xed Hill coef®cient of 2.25 (see
Material and methods). *P <0.05, **P <0.01 compared with control.
(B and C) Voltage dependence of external K+ activation (K1/2K+) of
Na,K-pumps in the absence and presence of 90 mM external Na+. The
parameters of the Hill equation were ®tted to the steady-state currents
induced by increasing concentrations of K+ (see Materials and
methods). Symbols as in (A). *P <0.05 between NKA alone and NKA
associated with ga- or gb-subunits. For clarity, the asterisk is omitted
for the CHIF effect (B). (D) Sensitivity of NKA associated with CHIF,
ga or gb to external Na+. K-activated and ouabain-sensitive Na,K-pump
currents were determined at different membrane potentials. Shown are
the residual NKA currents measured in the presence of 90 mM external
Na+ compared with those measured in the absence of external Na+ and
arbitarily set to 1 at 10 mV. For all recordings, data are means 6 SE of
30±40 oocytes from 4±8 different batches.

Structure±function relationship of CHIF

3999



together with the g-subunit, upon thermal denaturation
(Donnet et al., 2001).

The functional effects of CHIF on NKA are distinct
from those of g-subunits
Comparative studies on the effects of CHIF and the
g splice variants on the transport properties of NKA in
intact cells reveal that CHIF modulates NKA function in a
different manner from the g-subunit, and that the two
g splice variants have similar modulatory effects on the
NKA transport function.

Electrophysiological measurements of the Na,K-pump
current show that association of CHIF with NKA increases
the apparent af®nity for both intra- and extracellular Na+

binding. This suggests that CHIF association produces a
modi®cation of the Na+-binding site or an increase in the
stability of an Na+ occlusion conformation. The increase in
the af®nity for extracellular Na+ also results in a stronger
voltage-dependent competition between external Na+ and
K+ ions for their binding sites on the E2 conformation of
the enzyme and, in consequence, in a voltage-dependent
decrease in the apparent af®nity for extracellular K+.

The functional effects of CHIF may be mediated at least
partially by the cytoplasmic domain of CHIF via charged
amino acid residues. A CHIF mutant, lacking most of the
C-terminal positively charged amino acids, indeed asso-
ciates with NKA, but the NKA±CHIF complex has a low
turnover and loses its ability to bind ouabain, suggesting
that it is strongly shifted to the E1 conformation.

In contrast to CHIF, g-subunits decrease the apparent
af®nity for intracellular Na+ and increase the apparent
af®nity for external K+ at high negative membrane
potentials, independently of external Na+. On the other
hand, at less negative membrane potential, g-subunits
decrease the apparent K+ af®nity and this effect is
observed only in the presence of external Na+, suggesting
a shift in the NKA E1±E2 conformational equilibrium
towards E1. The possibility that g-subunits could have
several concomitant and independent effects on NKA
function is supported by other published data. It was
indeed reported that g-subunits mediate a parallel decrease
in the Na+ and K+ activation of ATPase activity
(Arystarkhova et al., 1999). Also, g-subunits not only
increase the ATP sensitivity of NKA, which is consistent
with a shift towards the E1 conformation (Therien et al.,
1997, 1999), but also increase the K+ antagonism of
intracellular Na+ binding, which suggests an additional
effect of g-subunits on intrinsic binding of K+ at
cytoplasmic sites (Pu et al., 2001).

In agreement with a recent report (Pu et al., 2001) that
showed that both g splice variants affected the catalytic
properties of NKA without a detectable difference, our
results indicate that ga and gb also have similar effects on
the transport function of NKA. Although we observed
some discrete differences in the effects of ga and gb on the
sensitivity of the NKA transport activity to external Na+,
the physiological relevance of this observation remains
unclear.

The physiological relevance of CHIF and g-subunits
as modulators of NKA
CHIF is expressed mainly in kidney and colon (Attali et al.,
1995) and g-subunits in kidney (Mercer et al., 1993;
BeÂguin et al., 1997). Interestingly, in the kidney nephron,
CHIF is expressed exclusively in the CD (Shi et al., 2001)
and g-subunits in the TAL, in the macula densa and in the

Table I. NKA properties in the presence of CHIF, ga or gb

a1 +a2 (NKA) Maximal pump
current (nA)

K1/2Na+ (mM) K1/2K+ (mM) Ouabain (Kd)
(nM)

With Na+ Without Na+

NKA 511 6 44 9.0 6 0.5 0.52 6 0.01 0.096 6 0.006 8.1 6 0.5
NKA + CHIF 440 6 24 5.8 6 0.3* 1.00 6 0.02* 0.105 6 0.005 7.6 6 0.3
NKA + ga 371 6 20 11.6 6 0.6* 0.55 6 0.01 0.092 6 0.004 7.6 6 0.4
NKA + gb 422 6 15 10.6 6 0.4* 0.56 6 0.01 0.085 + 0.005 7.3 6 0.7

*Data are signi®cantly different from those for NKA (P <0.05).

Fig. 8. Effect of mutations in CHIF on the modulation of the NKA
activity. Oocytes were injected with wild-type or mutant CHIF cRNA
(1.5 ng) together with rat NKA a (9 ng) and b (1.3 ng) (A and C) or
together with rat NKA a (9 ng) and Xenopus Flag epitope-tagged b
cRNA (1.5 ng) (B). Maximal pump currents (A) and apparent K+

af®nities (K1/2K+) (C) were recorded at ±50 mV. Cell surface
expression of NKA associated with wild-type and mutant CHIF
was probed by radioimmunolabeling of intact oocytes with a Flag
antibody (B). Data are means 6 SE from 10±15 oocytes.
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CCD (Pu et al., 2001). This nearly exclusive expression of
CHIF and g-subunits in different segments of the renal
tubule suggests that the two peptides may have function-
ally distinct effects adapted to nephron segment-speci®c
physiological needs.

A physiologically, particularly relevant effect of CHIF
and g-subunits described in this study concerns the
modulation of the Na+ af®nity of NKA. In this context,
it is interesting to note that NKA shows different Na+

af®nities in different nephron segments (Barlet-Bas et al.,
1990). In the CCD, the K1/2Na+ is 3 mM while, in the
proximal convoluted tubule and the cTAL, the K1/2Na+ is
~10 mM. Since isozymes other than a1±b1 NKA isozymes
have not been detected in the kidney, which could explain
the different NKA Na+ af®nities, it is tempting to speculate
that the selective presence of auxiliary subunits such as
CHIF and g-subunits determines the Na+ af®nity of NKA
along the nephron. This conclusion is supported by the
good correlation between (i) the Na+ af®nity of NKA
measured in situ in different nephron segments and that
determined for NKA expressed in oocytes in the presence
of CHIF or g-subunits and (ii) the Na+ af®nity of CHIF- or
g-subunit-associated NKA and the distribution of CHIF
and g-subunits along the nephron.

In view of the crucial importance of NKA in the
reabsorptive and secretory capacity of the kidney, small
changes in its ion af®nities, as observed in g-subunit- or
CHIF-associated NKA, may be necessary and suf®cient
for a ®ne regulation of the transepithelial ion and ¯uid
transport. Association of NKA with g-subunits may indeed
be favorable in nephron segments, such as the cTAL,
which show a high rate of Na+ reabsorption that requires a
high density of NKA, preferentially with a reduced Na+

af®nity, to cope with and to extrude ef®ciently the
important cellular Na+ load. In contrast, association of
NKA with CHIF, which increases its Na+ af®nity, may be
useful in principal cells of nephron segments such as the
CD or in surface cells of the colon which are ultimate sites
for ¯uid and electrolyte conservation. The CCD, for
example, plays a major role in K+ homeostasis and is the
target for mineralocorticoid hormones which regulate Na+

reabsorption when Na+ conservation is required (FeÂraille
and Doucet, 2001). Under conditions of Na+ depletion,
luminal Na+ in the CD is decreased to very low values and
the presence of a Na,K-pump with a high Na+-af®nity will
maintain low intracellular Na+ concentrations and a high
negative apical membrane potential favoring ef®cient Na+

reabsorption. Moreover, small changes in the intracellular
Na+ concentration, in the range of physiologically low Na+

concentrations, due to early actions of aldosterone on
apical Na+ entry, would considerably improve Na+

reabsorption in the presence of Na,K-pumps associated
with CHIF. Finally, it is noteworthy that CHIF expression
is increased by a low Na+ diet (and hence increased
aldosterone secretion) (Shi et al., 2001) permitting asso-
ciation with Na,K-pump units, newly synthesized during
the late phase of aldosterone action. Since K+ secretion in
the distal nephron is tightly coupled to Na+ reabsorption
and NKA activity (Giebisch, 1998), association of CHIF
with NKA in the CD may also be favorable to K+ secretion
in conditions of a high K+, mineralocorticoid-activated
state.

In summary, our data indicate that CHIF is a type I
membrane protein which interacts speci®cally with NKA
and modulates its transport properties in the opposite way
to g-subunits by increasing its apparent Na+ af®nity. It is
likely that this regulatory mechanism of NKA plays a
crucial role in aldosterone-responsive tissues responsible
for the maintenance of body Na+ and K+ homeostasis.

Materials and methods

Site-directed mutagenesis
Point mutations were introduced into the N ¯ag epitope-tagged Xenopus
g-subunit cDNA (BeÂguin et al., 1997) and into rat CHIF cDNA by the
PCR-based method. The mutations were con®rmed by DNA sequencing.
Rat CHIF was epitope tagged using the same procedure as previously
described (BeÂguin et al., 1997). Human ga was purchased from IMAGE
Consortium (No. 2814684). Rat and human gb were generated by PCR
using ga cDNA as a template. DNAs of Xenopus NKA a1 and b1, rat NKA
a1 and b1 (kindly provided by J.Lingrel), rat colonic HKA a (kindly
provided by G.Shull), Bufo marinus bladder b-subunits (kindly provided
by F.Jaisser), rat CHIF (Attali et al., 1995) and of rat and human ga and gb
were subcloned into the pSD5 vector.

Expression of cRNAs in Xenopus oocytes
Stage V±VI oocytes were obtained from Xenopus laevis as described
previously (Geering et al., 1996). In vitro synthesized cRNAs, encoding
Xenopus or rat NKA a-, b- and g-subunits, rat colonic HKA a-subunits,
Bufo bladder b-subunits, rat CHIF or rat epithelial Na+ channel a-, b- and
g-subunits (gift from B.C.Rossier), were injected into oocytes in different
combinations as described in the Figure legends. To study protein
expression and association, oocytes were incubated in modi®ed Barth's
medium (MBS) containing either 0.6 mCi/ml [35S]methionine or 1 mCi/
ml [3,4,5H]leucine for 24 h and subjected to 24±120 h chase periods in
MBS containing 10 mM cold methionine or leucine. After various
pulse±chase periods, digitonin extracts or microsomal fractions were
prepared as described (Geering et al., 1996).

Immunoprecipitation and western blot analysis
Previously characterized antibodies were used to immunoprecipitate rat
and Xenopus NKA a-subunits (BeÂguin et al., 1997), Xenopus and rat g-
subunits (BeÂguin et al., 1997), CHIF (Shi et al., 2001) and colonic HKA
a-subunits (gift from F.Jaisser) under denaturing or non-denaturing
conditions (Geering et al., 1996). Immunopreciptates were resolved on
SDS±polyacrylamide gels or SDS±Tricine gels (prepared according to the
manufacturer's instructions) and revealed by ¯uorography. Western blot
analysis was performed as previously described (Shi et al., 2001).

Preparation of kidney microsomes
Medulla and papilla portions were dissected from rat kidney, cut into
small pieces and homogenized with a Te¯on±glass homogenizer in a
buffer containing 30 mM DL-histidine, 5 mM EDTA, 250 mM sucrose,
200 mM phenylmethylsulfonyl ¯uoride (PMSF), 180 mM Tris±HCl,
pH 7.4. Microsomes were prepared by differential centrifugation,
freeze±thawed twice and sonicated for 10 s. Microsomes were solubilized
for 5 h at 4°C in a buffer containing 0.5% CHAPS, 20 mM Tris±HCl
pH 7.4, 100 mM NaCl, 1 mM PMSF and 5 mg/ml each of leupeptin,
pepstatin and antipain.

In vitro translation
In vitro translation of CHIF, Xenopus and rat g-subunits, in the presence
or absence of canine pancreatic microsomal membrane, was performed
according to the manufacturer's instructions (Promega).

Radioimmunolabeling of Xenopus oocytes and [3H]ouabain
binding
Radioimmunolabeling was performed as previously described (BeÂguin
et al., 1997) on intact oocytes expressing either epitope-¯agged Xenopus
g- or b-subunits. [3H]ouabain binding on intact oocytes and on oocyte
microsomes was performed as previously described (Crambert et al.,
2000).

Electrophysiology
Electrophysiological measurements were performed 3 days after cRNA
injection of ouabain-resistant, rat NKA by using the two-electrode
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voltage clamp technique in the presence of 1 mM ouabain, which inhibits
endogenous, oocyte Na,K-pumps. To determine the apparent K+ af®nity,
oocytes were loaded with Na+ as described (Jaisser et al., 1994). The
kinetics of Na,K-pump current activation by K+ were examined over a
±130 to +30 mV potential range with a series of ten 200 ms voltage steps
in the presence or absence of external Na+ as previously described
(BeÂguin et al., 1997). These rapid voltage steps prevented the activation
of K+-induced currents by CHIF in the positive potential range (Attali
et al., 1995). The maximal current (Imax) and the apparent K+ af®nity
(K1/2K+) at different potentials were obtained by ®tting the Hill equation
to the data. Hill coef®cients of 1.6 and 1.0 were used for experiments in
the presence or absence of external Na+, respectively (Jaisser et al., 1994).

Measurements of the apparent Na+ af®nity of NKA in intact cells were
performed as described previously by co-expressing rat NKA a1 and b
cRNAs together with rat epithelial Na+ channel a, b and g cRNAs (Hasler
et al., 1998). The Hill equation was ®tted initially to the experimental data
by using a ¯oating Hill coef®cient which ranged between 1.8 and 2.7. The
maximal current (Imax) and the apparent Na+ af®nity (K1/2 Na+) were then
obtained by using the Hill equation with a ®xed Hill coef®cient of 2.25.

Statistical analysis was performed by paired and unpaired Student's
t-tests and the results are expressed as means 6 SE.
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